Development And Application Of Yielding Steel Plate Damper To Improve Seismic Performance Of Structures by Teruna, Daniel Rumbi
DEVELOPMENT AND APPLICATION OF 
YIELDING STEEL PLATE DAMPER TO IMPROVE 
SEISMIC PERFORMANCE OF STRUCTURES 
 
 
 
 
 
 
 
 
 
 
 
 
DANIEL RUMBI TERUNA 
 
 
 
 
 
 
 
 
 
 
 
 
 
UNIVERSITI SAINS OF MALAYSIA 
 
2017 
DEVELOPMENT AND APPLICATION OF YIELDING STEEL PLATE 
DAMPER TO IMPROVE SEISMIC PERFORMANCE OF  STRUCTURES 
 
 
 
 
 
 
 
 
 
by 
 
 
 
 
 
 
 
 
 
 
 
DANIEL RUMBI TERUNA 
 
 
 
 
 
 
 
 
 
 
 
Thesis submitted in fulfillment of the 
 requirements for the degree of  
Doctor of Philosophy 
 
 
 
 
 
 
 
 
 
 
April 2017 
ii 
ACKNOWLEDGEMENTS 
 
First, I would like to thank almighty God for the grace and  mercy, which 
enable me to complete my studies.  The author wishes  to express his sincere 
gratitude to his supervisor, associate Professor Taksiah A. Majid and Professor 
Bambang Budiono for their support and time dedicated during preparation my thesis. 
Their inputs, help, encouragement, and guidance ensure this thesis to be completed. 
I would like to thank the structural laboratory staff of Bandung Institute of 
Technology and in  particular to Mr. Burhan and Mr. Rahmat for their preparation, 
installation,  and testing of the steel damper specimens, and to graduate student Mr. 
Lukman Murdiansyah for his monitoring during fabrication, installation, and testing. 
I also wish to express my sincere appreciation  to  my wife Sofia Rita,  my sons 
Christopher Teruna, Jonathan Teruna, and Joshua Kenny Teruna for their patience, 
supports and encouragements.  
Last but not the least, I would like to appreciate the Ministry of Higher 
Education and University of Sumatera Utara for funding my research through Grant 
No. 4267/UNS.1.R/KEU/2013.   
 
iii 
TABLE OF CONTENTS 
                                                                                   Page 
ACKNOWLEDGMENT          ii 
TABLE OF CONTENTS         iii 
LIST OF TABLES           x 
LIST OF FIGURES         xii 
LIST OF PLATE                  xxv 
LIST OF ABBREVIATION              xxvii 
LIST OF SYMBOLS               xxix 
ABSTRAK                 xxxv 
ABSTRACT               xxxvii 
 
CHAPTER ONE :  INTRODUCTION 
1.1 Research background          1 
1.2 Problem statement                    4 
1.3 Objective and scope             5 
1.4 Research methodology         5 
1.5 Thesis organization          6 
 
CHAPTER TWO :  LITERATURE REVIEW 
2.1 Introduction           9 
2.2 Damping and energy dissipation in structure       9 
 2.2.1 Classification of damping       11 
2.2.1(a)    Material damping                 12 
         2.2.1(a) (i)  Viscoelastic material               12 
iv 
     2.2.1(a) (ii)   Metallic yielding      13 
     2.2.1(a) (iii) Composite material                          13 
2.2.1(b)    Nonmaterial damping     14 
     2.2.1(b) (i) Coulomb or dry friction damping      14 
        2.2.1(b) (ii) Acoustic radiation damping              15 
     2.2.1(b) (iii) Viscous damping    15 
     2.2.1(b) (iv) Equivalent viscous damping              16 
 2.2.2 Measurement of damping      17 
  2.2.2(a)    Logarithmic decrement                       18 
  2.2.2(b)    Half power bandwidth                19    
  2.2.2(c)    Dynamic amplification factor                20 
 2.2.3 Damping in computer model                 21 
  2.2.3(a)    Rayleigh damping                 21
    2.2.3(b)    Modal damping ratio                22 
2.3 Overview of structural control devices     23 
 2.3.1 Introduction        23 
 2.3.2 Passive control systems      26 
  2.3.2(a)    Displacement dependent damper               27 
       2.3.2(a) (i)    Metallic yielding damper    27 
       2.3.2(a) (ii)    Buckling restrained braced     51 
       2.3.2(a) (iii)   Shear panel damper      63    
       2.3.2(a) (iv)   Tube in tube damper    71 
       2.3.2(a) (v)    Friction damper               72 
2.3.2(b)   Velocity dependent damper    81 
      2.3.2(b) (i)    Viscous elastic damper   81 
v 
      2.3.2(b) (ii)    Viscous fluid damper   87 
           2.3.2(c)    Application of passive damper in structures  94 
     2.3.2(c) (i)    Displacement dependent damper             94 
     2.3.2(c) (ii)     Velocity dependent damper       97 
2.4 Summary                  101 
 
CHAPTER THREE :  EXPERIMENTAL INVESTIGATION           
3.1       Preliminary design of the proposed steel damper              103 
3.1.1 Introduction                 103 
3.1.2 Optimum shape of the steel damper              103 
3.1.3 The geometrical shape of the damper                    106 
3.1.4 Rotation demand of the damper                108 
3.2 Experimental program                 109 
 3.2.1 Introduction                  109 
 3.2.2 Specimens and loading history              109 
 3.2.3 Material properties                110 
3.2.4 Test setup and measurement               111 
3.2.5 Test results and discussion               113 
 3.2.5(a)    Hysteretic behavior              113 
 3.2.5(b)   Specimen DHSD-1               114 
 3.2.5(c)    Specimen DHSD-2                115 
 3.2.5(d)    Specimen DHSD-3               116 
 3.2.5(e)    Specimen DHSD-4               117 
3.3 Energy dissipation capacity                119 
3.4 Effective stiffness and effective damping              122 
vi 
3.5 Summary                  125 
 
CHAPTER FOUR :  MATHEMATICAL MODELING  OF THE DAMPER 
4.1 Behavior of steel in simple tension and compression             126 
 4.1.1 Monotonic loading                126 
 4.1.2 Unloading, reloading and reverse loading             127 
4.2 Yield criteria for ductile metal               129 
 4.2.1 General                 129 
 4.2.2 Stress tensor and its variants               130 
 4.2.3 Stress deviation tensor and its variants             133 
 4.2.4 The Von Mises yield criterion              135 
 4.2.5 The Tressca’s yield criterion               137 
4.3 Hardening rule                 139 
 4.3.1 Introduction                 139 
 4.3.2 Isotropic hardening rule               140 
 4.3.3 Kinematic hardening rule               142 
  4.3.3(a)    Prager’s hardening rule              143 
  4.3.3(b)    Ziegler hardening rule              144 
  4.3.3(c)    Amstrong and Frederic hardening rule            145 
4.3.4 Mixed (combined) hardening rule              145 
4.3.5 Plastic flow rule                146 
4.4 Finite element modeling                 148 
 4.4.1 Introduction                  148 
 4.4.2 Element type                 149 
 4.4.3 Meshing                  150 
vii 
 4.4.4 Boundary conditions                 151 
4.5 Constitutive models                 152 
 4.5.1 Introduction                 152 
 4.5.2 Chaboche hysteretic model               152
 4.5.3 Proposed hysteretic model               155 
 4.5.4 Simplified hysteretic model               160 
  4.5.4(a)    Bilinear model               160 
  4.5.4(b)    Trilinear model               165 
 4.5.5 Derivation of the damper stiffness              168 
  4.5.5(a)    Deflection and elastic stiffness              168 
 4.5.5(b)    Calibration of stiffness coefficient             171 
4.6 Summary                  172 
 
CHAPTER FIVE : SEISMIC ENERGY AND DAMAGE INDEX     
5.1 Introduction                  174 
5.2 Earthquake input energy                 175 
 5.2.1 Rain flow analogy                175 
 5.2.2 Energy balance equation               178 
 5.2.3 Estimating seismic input energy                      181 
 5.2.4 Energy time history                184 
 5.2.5 Influence of ground motion characteristic on energy spectra           186 
  5.2.5(a)    Influence of PGA               186 
  5.2.5(b)    Influence of duration strong motion            188 
5.2.6 Influence of structural dynamic properties on            189 
  energy spectra   
viii 
 5.2.6(a)    Influence of damping factor             189 
 5.2.6(b)    Influence of strength ratio              191 
 5.2.6(c)    Influence of ductility factor             192 
5.2.7 Distribution of input energy in MDOF structures                       193 
5.3 Damage indices                 202 
 5.3.1 Introduction                 202 
 5.3.2 Park and Ang damage index               203 
 5.3.3 Cosenza and Fajfar damage index              205 
 5.3.4 Bojorquez damage index               207 
5.4 Summary                  209 
 
CHAPTER SIX : DAMAGE CONTROLLED SESIMIC DESIGN FOR   
       FRAME EQUIPPED WITH STEEL DAMPER 
6.1 Introduction                  212 
6.2 Design concept of damage controlled structure             213 
6.2.1 Analytical model of SDOF system with steel damper           213 
6.2.2 Preliminary design of damage controlled structure            218  
6.3 Example application of four-story steel frame with steel damper           220 
6.3.1 Description of buildings                 220 
6.3.2 Structural analysis and modeling              223 
6.4 Discussion of the results                224 
6.4.1 Unbraced moment resisting frame (MRF)             224 
6.4.1(a) Time histories of input and              224 
  hysteretic energy demands of MRF frame    
6.4.1(b) Base shear demands of MRF frame                       227 
ix 
6.4.1(c) Story drift demands of MRF frame             228 
 6.4.2 MRF frame equipped with steel damper (HSDF frame)           229 
  6.4.2(a) Time histories of input and                229 
    hysteretic energy demands of HSDF frame 
  6.4.2(b) Base shear demands of HSDF frame                       236 
  6.4.2(c) Story drift demands of HSDF frame                        237 
 6.4.3 Pushover curves (capacity curves)              240 
 6.4.4 Evaluation of global damage index               241 
6.5 Summary                  243 
 
CHAPTER SEVEN : CONCLUSIONS AND FURTHER RECOMENDATION 
7.1 Conclusions                  245 
7.2 Future recommendations                248 
 
REFERENCES                 250 
APPENDICES 
Appendix A: Determining area of bilinear hysteresis loop      
Appendix B: Determining area of trilinear hysteresis loop 
Appendix C: Derivation of elastic stiffness of plate damper 
Appendix D: Normalized differential equation of SDOF system 
LIST OF PUBLICATIONS                         
x 
LIST OF TABLES 
 
Table 2.1 Recommended damping value for different structures                   11 
Table 2.2 Post yield stiffness of steel plate slit damper          44 
Table 3.1 Results of coupon tensile test          111 
Table 3.2 Summary of the test results          113 
Table 3.3 Energy dissipation capacity                     121 
Table 3.4 Effective damping and stiffness at maximum displacement      124 
Table 3.5 Damping coefficients           124 
Table 4.1 Various isotropic hardening function         142 
Table 5.1 Ground motion details           195 
Table 5.2 Dimension of beams and columns         196 
Table 5.3 Interpretation of damage index          205 
Table 6.1 Size of beams and columns          222 
Table 6.2 Frame, damper and braces stiffness         223 
Table 6.3 Characteristic of DRF frames to be evaluated        224 
Table 6.4 Maximum  input, hysteretic energy, and ratio of maximum      226 
  hysteretic to input energy for MRF under Imperial Valley,  
 Northridge, and Tabas ground motion records      
Table 6.5   Maximum  input, hysteretic energy, and ratio of maximum       232 
       hysteretic to input energy for DRF1 under Imperial Valley,  
       Northridge, and Tabas ground motion records 
  
xi 
 
Table 6.6   Maximum  input, hysteretic energy, and ratio of maximum       232 
       hysteretic to input energy for DRF2 under Imperial valley,  
       Northridge, and Tabas ground motion records  
Table 6.7   Maximum  input, hysteretic energy, and ratio of maximum       233 
       hysteretic to input energy for DRF3 under Imperial Valley,  
       Northridge, and Tabas ground motion records 
Table 6.8   Maximum  input, hysteretic energy, and ratio of maximum       233 
       hysteretic to input energy for DRF4 under Imperial Valley,  
       Northridge, and Tabas ground motion records 
Table 6.9  Comparison of damage index and interstory drift index for       242 
      MRF frame and DRF frames using Park and Ang damage index 
 
 
 
 
 
xii 
LIST OF FIGURES  
 
Figure 2.1   Effect of Damping on Structures     10 
Figure 2.2   Hysteresis Plots for Viscoelastic Behavior    13 
Figure 2.3   Typical Bilinear Hysteretic Loop of Steel Material   14 
Figure 2.4   Coulomb Damping Behavior      15 
Figure 2.5   Decay of Motion       19 
Figure 2.6   Definition of Half Power Bandwidth      20 
Figure 2.7   Classification of Structural Control                                                     25 
                     (Song and Spencer., 2002)   
Figure 2.8  Typical Connection of Damper to The Beam and Bracing             29 
Figure 2.9  The Geometry Detail of Specimen of X-Device                                 30 
                      (Bergman and Goel, 1987) 
Figure 2.10  Hysteretic Curve of Annealed Specimen of X-device              31                 
                      (Bergman and Goel, 1987) 
Figure 2.11  Hysteretic Curve of Unannealed Specimen of X-device                     31 
Figure 2.12  Geometry of X-Shape Tested by Whitaker et al. (1991)  32 
Figure 2.13  Hysteretic Curve of Specimen for X-shape                                         36 
                      (Zhou et al., 2012)  
Figure 2.14  Geometry Shape of 7-Plate of V-TADAS Assembly                          38 
  (Bergman and Goel, 1987)  
Figure 2.15  Geometry Detail of TADAS Device  (Tsai et al., 1993)             38 
Figure 2.16  Typical Hysteretic Curve of TADAS Device                                      39 
                       (Tsai et al., 1993)  
Figure 2.17    The Rhombic Steel Plate Shape (Shih and Sung 2005)   41 
xiii 
Figure 2.18  Stress-Strain Curve (Shi et al. 2004);                                                  42 
                       (a) Ultimate Strain, (b) Small Strain  
Figure 2.19  Typical Hysteretic Curve of Rhombic Steel Plate            42 
                       (Shih and Sung, 2005)   
Figure 2.20  Detail of Steel Plate Slit Damper (Lee et al., 2002)              43 
Figure 2.21  Tri-Linear Model of Skeleton Curve (Lee et al., 2002)  44 
Figure 2.22  Schematic Detail of Steel Slit Damper                                                45 
                       (Chan and Albermani, 2008)     
Figure 2.23  (a) Bending Moment Diagram, (b) Deformed Shape of SSD             45 
   (Chan and Albermani, 2008) 
Figure 2.24  Typical Beam-Column Connection with Slit Damper              47 
   (Oh et al., 2009) 
Figure 2.25  Load-Deformation Relation of Damper and Beam, and   48 
   Absorbed Energy Contribution (Oh et al., 2009)    
Figure 2.26  Comparison of Tri-Linear Approximation, Theory, and            49 
   Experiment In Skeleton Curve (Oh et al., 2009)   
Figure 2.27  Hysteretic Curves of The DFMD Damper (Li and Li, 2007)  50 
Figure 2.28 Schematic, Shape of Unbounded Brace or BRB    52 
 (Nippont Steel Cooperation, 2005)    
Figure 2.29 Comparison of Behaviour of BRB and Conventional Brace             53 
Figure 2.30 BRB Section with Different Steel Sections of    54 
 Restraining Parts (Iwata, 2004)      
Figure 2.31 Comparison of Load-Strain Relation (Iwata, 2004)              54 
Figure 2.32 BRB System with Concrete-Filled Steel Tube                         58 
 (Tremblay et al., 2006)   
xiv 
Figure 2.33 BRB System Without Concrete-Filled Steel Tube                         58 
 (Tremblay et al., 2006)   
Figure 2.34 Schematic BRB (Iwata and Murai, 2006)               60 
Figure 2.35 Schematic BRB Tested by Midorikawa et al., (2012)                         62 
Figure 2.36 Relation of P/Py and Strain for BRB (Midorikawa et al., 2012)          63 
Figure 2.37 Example of Schematic Detail of Shear Panel Damper             64 
Figure 2.38 Example of Shear Panel Damper and its Connection               64 
 the Structure (Matteis et al., 2011)     
Figure 2.39 Detail of Test Specimen (Nakashima et al., 1995)              65 
Figure 2.40 Hysteretic Curve Obtained from Cyclic Test               66 
 (Nakashima et al., 1995) 
Figure 2.41 Comparison of Hysteretic Curve of Both Specimens               67 
  60 DDC and 60 DSC (Katayama et al., 2000)    
Figure 2.42 Schematic Detail of Bracing Type Shear Panel              68 
 (Matteis et al., 2011)    
Figure 2.43 Geometry Detail of Test Specimens (Matteis et al., 2011)  69 
Figure 2.44 Representative of Hysteretic Curve of The Specimens       70 
 Under Different Loading Pattern (Zhang et al., 2013) 
Figure 2.45 Typical Geometry Shape of Tube in Tube Damper    71 
 (Benavent Climent A, 2009) 
 
Figure 2.46 Schematic Detail of X-Braced Friction Damper   73 
 (Pall and Marsh, 1982)  
Figure 2.47 Schematic Detail of Sumitomo Friction Damper    74 
 (Aiken and Kelly, 1990)  
xv 
Figure 2.48 Connection of Sumitomo Friction Damper  to The Beam              74
  (Aiken AND Kelly, 1990) 
Figure 2.49 FDF, MRF, CBF Acceleration, Displacement, Interstory              75 
 Drift Under El Centro Ground Motion of 0.712 g 
                      (Aiken and Kelly, 1990).     
Figure 2.50 Slip Load Optimization Typical of Low-Rise Steel Building   76 
 Under Taft Earthquake of 0.36 g (Cherry and Filiatrault, 1993) 
Figure 2.51 Typical of Damper Connection The Structure, (a) Initial    78 
  Position (b) and (c) During Earthquake (Mualla et al., 2010)   
Figure 2.52 Deformation of Damper During Earthquake, (a) Initial                       79 
 Position (b) Damper Shortened, (c) Damper Lengthened 
 (Mualla et al., 2010)   
Figure 2.53 Hysteresis Lops for Amplitude of 30mm and 45mm              81 
 (Mualla et al., 2010) 
Figure 2.54 Hysteresis Loops for Damper Model 45mm Amplitude with            81 
 Different Hole Tolerance (Mualla et al., 2010)    
Figure 2.55 Typical Viscoelastic Damper Acting in Shear              82 
 (Chang et al., 1992)     
Figure 2.56 Comparison of The Force-Deformation Relation of VE                    83 
 Damper Under Miyagi Earthquake at The 8
th
 Floors 
 (Aiken and Kelly, 1990)    
Figure 2.57 VDF, MRF, CBF Acceleration, Displacement, Interstory                 83 
 Drift Under El Centro Ground Motion of 0.712 g  
 (Aiken and Kelly, 1990)    
 
xvi 
Figure 2.58 Hysteresis Loops of B1 and B2 Dampers             85 
 (Asano et al., 2000)   
Figure 2.59 Hysteresis Loops of B3 and B4 Dampers              85 
 (Asano et al., 2000)   
Figure 2.60 Shear Storage Modulus-Temperature Relationship             86 
 (Chang et al., 1998) 
Figure 2.61 Temperature Rise of VE Damper Under El Centro              87 
 (Chang et al., 1998) 
Figure 2.62 Different types of Fluid Damper                88 
 (Symans and Contantinou, 1998)  
Figure 2.63 Three Story Model Structures and Damper Configuration            89 
 (Symans and Contantinou, 1998)  
Figure 2.64 Effectiveness of Damper Configuration              91 
 (Sigaher and Constantinou, 2003) 
Figure 2.65 Another Toggle Brace Damper Configuration             92 
 (Hwang et al., 2005) 
Figure 2.66 SDOF Model for Viscous Damper Installed in the Chevron             93 
 Configuration (Chen and Chai, 2011)     
 Figure 2.67 Seismic capacity sI of the existing building according to             95
  seismic inspection (Wada et al., 2004)      
Figure 3.1  Typical Hysteretic Steel Damper in Chevron Bracing            104 
  Configuration         
Figure 3.2  Deformation and Force Distribution in Steel Plate with Fixed          105 
 at Both End         
Figure 3.3  Cantilever Beam Model of Steel Plate              105 
xvii 
Figure 3.4  Geometry Shape of The Proposed Damper             107 
Figure 3.5  Deformation Mechanism of a  Single Story of Frame            109 
  with Damper         
Figure 3.6  Loading Displacement History               110 
Figure 3.7  Nominal Stress-Strain of a Test Coupon             111 
Figure 3.8  A View of Experimental  Set-Up of DHSD Damper             112 
Figure 3.9  Force-Deformation Relation of Specimen   DHSD-1             114 
Figure 3.10  Force-Deformation Relation of Specimen   DHSD-2            116 
Figure 3.11  Force-Deformation Relation of Specimen   DHSD-3             117 
Figure 3.12  Force-Deformation Relation of Specimen   DHSD-4            118 
Figure 3.13  Decomposition  of Hysteresis Loop              121 
Figure 3.14  Cumulative Energy Dissipation of for the Four  Specimens           122 
Figure 3.15    Definition Effective Stiffness                 123 
Figure 3.16  Effective Damping Ratio vs Stiffness              124 
Figure 4.1  Schematic of Stress-Strain Relation of Structural Steel           126 
Figure 4.2  Loading, Unloading, and Reloading Path              128 
 (Chen and Han, 1991) 
Figure 4.3  Baushinger Effect  Present Due to Stress Reversal            129 
 (Chen and Han, 1991) 
Figure 4.4  Stress vector acting on the arbitrary plane (Chen and Han, 1991)     131 
  (Chen and Han, 1991) 
Figure 4.5  The Von Mises Yield Surface in Principal Stress Space           137 
Figure 4.6  The Von Mises Yield Surface in Coordinate Plane 03                
137 
Figure 4.7  The Tresca Yield Surface in Principal Stress Space            138 
xviii 
Figure 4.8  The Tresca Yield Surface in Coordinate Plane 03             139
   
Figure 4.9  Schematic Subsequent Yield Surface for Isotropic             140 
  Hardening         
Figure 4.10  Schematic Subsequent Yield Surface for Kinematic             143 
  Hardening         
Figure 4.11  Schematic  Kinematic Hardening by Prager and Ziegler           144 
Figure 4.12    Loading Condition                147 
Figure 4.13    Neutral Condition                 147 
Figure 4.14    Unloading Condition                148 
Figure 4.15    Eight Node Solid Element                          149 
Figure 4.16    Requirements of Aspect Ratio Distortion for Element                      150 
 (Liu and Quek 2003)                 
Figure 4.17    Bending Behavior Elements With and Without Hourglassing          151 
Figure 4.18    Displacement Amplitude History To Be Applied                              151 
Figure 4.19    The Hysteresis Loop of the Chaboche Model             154 
Figure 4.20    Comparison of Hysteresis Loop of  Chaboche Model                       154 
                      for DHSD-4         
Figure 4.21    Comparison of  Cumulative Hysteretic Energy of Chaboche            155 
                      Model for DHSD-4        
Figure 4.22    a) Undeformed Shape, (b) Deformed Shape , and            155 
                      (c) Stress Distribution of  Specimen DHSD-4 Based on the  
                      Chaboche Model        
Figure 4.23    The Hysteresis Loop of the Proposed Model (DHSD-4)           156 
Figure 4.24    Comparison of  Hysteresis Loop of   Proposed Model for           157 
                      DHSD-4          
xix 
Figure 4.25    Comparison of  Cumulative Hysteretic Energy of  Proposed            157 
                      Model  for DHSD-4        
Figure 4.26    (a) Undeformed Shape, (b) Deformed Shape,              158 
                      and (c) Stress Distribution of  Specimen DHSD-4 Based on 
                      the Proposed  model 
Figure 4.27 Comparison of Hysteretic Curve of Proposed Model for            158 
 DHSD-1         
Figure 4.28 Comparison of Hysteretic Curve of Chaboche Model  for           159 
 DHSD-1         
Figure 4.29 Comparison of  Cumulative Hysteretic Energy of Numerical           159 
 Results Against Experimental Results for DHSD-1  
Figure 4.30 (a) Undeformed Shape, (b) Deformed Shape , and (c) Stress            160 
  Distribution of  Specimen DHSD-1 Based on the Proposed  
 Model          
Figure 4.31 Bilinear Elasto-Plastic With Strain Hardening Based on Equal       161            
Energy Dissipation.        
Figure 4.32 Bilinear Hysteretic Model               162 
Figure 4.33 Comparison of  Bilinear Hysteretic Curves  for DHSD-4           163 
Figure 4.34    Comparison of Cumulative Hysteretic Energy for DHSD-4            163 
                       Based on Bilinear Model       
Figure 4.35    Comparison of  Bilinear Hysteretic Curves  for DHSD-1           164 
Figure 4.36    Comparison of Cumulative Hysteretic Energy for DHSD-1           164 
                       Based on Bilinear Model       
Figure 4.37    Typical Shape of Trilinear Hysteresis Loop             165 
 
xx 
Figure 4.38    Comparison of Trilinear Model vs Experimental                              166 
Hysteretic Curves For DHSD-4            
Figure 4.39    Comparison of Trilinear Model  vs Experimental Cumulative         166 
           Hysteretic Energy for DHSD-4             
Figure 4.40    Comparison of Trilinear Model vs Hysteretic Curves             167 
                       for DHSD-1            
Figure 4.41    Comparison of Trilinear Model  vs Experimental Cumulative          167 
           Hysteretic Energy for DHSD-1           
Figure 4.42    Force Distribution and Deformation in Damper Element           168 
Figure 4.43    Cantilever Tapered Beam Model              169 
Figure 4.44     Influence of z Value on The Elastic Stiffness             172
       
Figure 5.1       Rain Flow Analogy (Christopoulos and Filiatrault, 2006):            178 
(a) During Seismic Event, (b) at The End of Seismic Shaking  
Figure 5.2      Comparison of Input Energy Spectra for Elastic SDOF            184 
                       Under Imperial Valley Earthquake, Station of  
                       Elcentro Array #9, Component NS, tdi =24s, 
                       Damping ratio ζ=5%, PGA=0.35g,   
Figure 5.3      Time Histories of Energy Components for Single Story            185 
with Tn =0.34s Under Imperial Valley Earthquake,  
Scaled  to  PGA=0.5g.        
Figure 5.4 Time Histories of The Ratio of Energy Components                        186 
 to Input Energy for Single Story with Tn =0.34s Under  
 Imperial Valley Earthquake, Scaled to  PGA=0.5g.    
Figure 5.5      Influence of The PGA on The Input Energy Spectra for           187 
                      SDOF Under Northridge Earthquake, Arleta Nordhoff Fire 
xxi 
          Station, Component ARL090, tdi =14s  .Damping      
          Ratio ζ=5%, Strength Ratio=0.2      
Figure 5.6 Influence of PGA  to Hysteretic  Energy Spectra for The             187
 SDOF Under Northridge Earthquake, Arleta Nordhoff Fire   
 Station, Component ARL090, tdi =14s  ,Damping    
 Ratio ζ= 5%, Strength Ratio = 0.2   
Figure 5.7 Ratio Hysteretic Energy to Input Energy Spectra for SDOF            188 
                      Under Northridge Earthquake,  Arleta Nordhoff Fire Station, 
                      Component ARL090, tdi =14s, Damping Ratio ξ=5%,  
           Strength Ratio=0.2        
Figure 5.8 Comparison of  Input Energy Spectra for SDOF Under     189 
Three Earthquakes Scaled to 0.4g, Damping Ratio ζ=5%,  
Strength Ratio η= 0.2       
Figure 5.9      Comparison of Input Energy Spectra for Elastic SDOF           190 
                       System Under Imperial Valley, PGA = 0.35 g (a), and San   
                       Fernando, PGA = 1.17 g (b) with Different Damping Ratio   
 
Figure 5.10 Comparison of Input Energy Spectra for  SDOF System            191 
           Under Northridge  Earthquake with Different Strength  Ratio, 
           Damping Ratio ζ= 5%, Bilinear Model, Post Yield Stiffness  
                       Ratio = 0.04         
Figure 5.11 Comparison of Input Energy Spectra for  SDOF System           193  
                       Under Imperial Valley  Earthquake with Different Ductility 
                       Factor, Damping Ratio ζ = 5%, Bilinear Model, Post Yield 
                       Stiffness Ratio = 0.04       
Figure 5.12    Matching Response Spectrum of Four Ground Motions           194 
xxii 
Figure 5.13     Elevation of SMRF                196 
Figure 5.14     Energy Time History of MDOF Structure with Tn = 1.69 s,            198 
            Damping Ratio ζ = 5%, Bilinear Isotropic Hardening Model,  
                       Under Imperial Valley, Kobe, Loma Prieta, and Northridge  
                       Records Adjusted to Banda Aceh Response Spectrum  
 
Figure 5.15    Time Histories of The Ratio of Hysteretic Energy  to Input            199 
            Energy for MDOF Structure  With Tn =1.6 s , Damping  
            ζ = 5%, Bilinear Isotropic Hardening Model Under Imperial  
            Valley, Kobe, Loma  Prieta, and Northridge Records 
            Adjusted to  Banda Aceh  Response Spectrum    
Figure 5.16    Maximum Ratio of Hysteretic Energy  to Input Energy for            200 
                      MDOF Structure  With Tn =1.6 s , Damping ζ = 5%, Bilinear  
           Isotropic Hardening Model Under Imperial Valley, Kobe,  
           Loma Prieta,and Northridge Records Adjusted to   
           Banda Aceh Response Spectrum      
Figure 5.17    Distribution of Energy  for MDOF Structure  with Tn =1.6 s,          202 
            Damping ζ = 5%, Bilinear Isotropic Hardening Model Under 
            Imperial Valley, Kobe, Loma Prieta, and Northridge Records  
            Adjusted to  Banda Aceh Response Spectrum; (a) Input  
            Energy, (b) Hysteretic Energy, and (c) Ratio of Hysteretic  
            Energy to Input Energy      
         
Figure 5.18    Alternative Definitions for Yield Displacement                     207 
                       (Powell and Allahabadi 1988) 
Figure 5.19    Definition of Cumulative Plastic Rotation             209 
                      (Bojorquez et al., 2010) 
xxiii 
Figure 6.1 Model of Systems with Steel Damper (Vargas and Bruneau,          214 
            2004); (a) a Single-Story Frame, (b) Equivalent Three  
            Spring System, (c) Equivalent One -Spring System   
Figure 6.2      Nonlinear Force Versus Deformation of The System            216 
Figure 6.3      Response Spectra of Scaled Ground Motion             221 
Figure 6.4      Elevation View of Buildings to be Investigated            222 
Figure 6.5      Time Histories of Input Energy  Demand (EI) for MRF           225 
                       Under Imperial Valley, Northridge, Tabas  
                       ground motion records 
Figure 6.6 Time Histories of Hysteretic Energy Demand (EH) for MRF           225 
Under Imperial Valley, Northridge, Tabas  
ground motion records 
Figure 6.7 Distribution of Hysteretic Energy Demand  through the           226 
Height of Building for MRF Under Imperial Valley, 
Northridge, Tabas ground motion records     
Figure 6.8 Base Shear Demands for MRF under Imperial Valley,           227 
 Northridge, and Tabas ground motion records 
Figure 6.9 Story Displacement for MRF under Imperial Valley,            228 
            Northridge, and Tabas ground motion records 
Figure 6.10 Interstory Drift Demand for MRF under Imperial Valley,           229 
Northridge, and Tabas ground motion records 
Figure 6.11 Time Histories of Input Energy  Demand (EI) for DRF            230 
 
Under Imperial Valley, Northridge, Tabas  
ground motion records 
Figure 6.12 Time Histories of Hysteretic Energy Demand (EH) for DRF           231 
